We report a chemically driven membrane shape instability that triggers the ejection of a tubule growing exponentially toward a chemical source. The instability is initiated by a dilation of the exposed monolayer, which is coupled to the membrane spontaneous curvature and slowed down by intermonolayer friction. Our experiments are performed by local delivery of a basic pH solution to a giant vesicle. Quantitative fits of the data give an intermonolayer friction coefficient b % 2 Â 10 9 J s=m 4 . The exponential growth of the tubule may be explained by a Marangoni stress yielding a pulling force proportional to its length.
We report a chemically driven membrane shape instability that triggers the ejection of a tubule growing exponentially toward a chemical source. The instability is initiated by a dilation of the exposed monolayer, which is coupled to the membrane spontaneous curvature and slowed down by intermonolayer friction. Our experiments are performed by local delivery of a basic pH solution to a giant vesicle. Quantitative fits of the data give an intermonolayer friction coefficient b % 2 Â 10 9 J s=m 4 . The exponential growth of the tubule may be explained by a Marangoni stress yielding a pulling force proportional to its length. DOI Lipid vesicles are model membranes made of amphiphilic molecules that self-assemble in water into closed bilayers. Although lacking membrane proteins and a cytoskeleton, they serve as simple models for cell membranes. Tubules are also ubiquitously present in living cells: They are constantly formed in the Golgi apparatus [1] , in the endoplasmic reticulum [2] , and in mitochondria [3] . Membrane tubules have also been shown to interconnect separate cells [4] and may provide a route for HIV transmission [5] . Tubules can be formed from model vesicles by applying external forces [6] [7] [8] , using either hydrodynamical flows [9, 10] , micropipettes [11, 12] , optical tweezers [13] , or molecular motors [14, 15] .
In this Letter, we report a curvature instability which is able to trigger the ejection of a tubule growing exponentially toward a chemical source. The mechanism is the following. A local lipid chemical modification in one monolayer modifies the preferred area per lipid, thereby inducing a local bilayer spontaneous curvature. Since only one monolayer is affected, the lateral redistribution of the lipids (monolayer expansion) is strongly slowed down by intermonolayer friction [16, 17] , and the instability develops into a large local deformation. When applied to a small enough surface, it triggers the ejection of a tubule aiming at the chemical source. We first discuss the dynamical shape instability theoretically, and then we describe an experimental realization of it. The question of the tubule dynamics is addressed ultimately.
Theoretical description of the instability.-Membranes consist of two monolayers ( AE ), of free energy densities
in the standard harmonic description of a symmetric membrane [17, 18] . Here c is the sum of the two principal curvatures of the bilayer midsurface S, n AE are the monolayer lipid densities relative to S (i.e., at the level of the extremities of the lipid tails), and c 0 are the monolayer bending elastic constant and intrinsic spontaneous curvature, respectively, and k is the stretching elastic constant. Note the density-curvature coupling: The actual monolayer spontaneous curvature c þ 0 (which minimizes f þ ) is affected by the density variations, i.e., c þ 0
There lies the source of our instability.
To model the action of the chemical agent, we introduce two scalar fields AE ðrÞ, representing the induced reduction of the optimal (equilibrium) lipid densities. As justified later, only n 0 is assumed to be chemically modified, not c 0 . The stretching energy density becomes thus
We assume further that only monolayer ''þ'' is affected, i.e., À ðrÞ ¼ 0, 8 t, and þ ðr; tÞ ¼ ðtÞ þ ðrÞ, where ðtÞ is the unit-step function. To account for the membrane tension , we consider that n þ and n À lie in the vicinity of " n Þ n 0 , while the total number N ¼ " nS of lipids in each monolayer is fixed. In the small distortion limit, we describe the bilayer midsurface by a height function z ¼ hðrÞ, where r ðx; yÞ, and we introduce the density fields AE ðrÞ defined as the relative excess-with respect to " n-of the lipid densities projected onto the ðx; yÞ plane. Keeping only harmonic terms, with
2 , we obtain the free energy
where ¼ kð1 À " n 2 =n 2 0 Þ, k and e being slightly renormalized. Note that coincides with @F s =@Sj N , where F s ¼ Skð " n=n 0 À 1Þ 2 is the total stretching energy.
To determine the dynamical evolution of the membrane, we follow the analysis of Seifert and Langer [17] . For t > 0, the normal force density acting along the membrane is given by p n ðr; tÞ ¼ ÀF=hðrÞ, i.e., 
where
The first equation displays the 2D viscous stress 2 r 2 v AE , the pressure gradient Àr AE , the viscous stress due to the 3D solvent motion, and the intermonolayer friction, respectively. The second one displays p n and the normal stress due to the 3D solvent motion, of normal velocity matching @ t h. Typical values of the parameters, used throughout, are ' 10
[17], and b ' 10 9 J s=m 4 [19, 20] . Let us define "
To lighten the notations, we set E þ , which is our central variable, the time-independent amplitude of the chemical modification. Eliminating V AE in Eqs. (4) yields
where we have assumed 2 q 2 ( b and q ( b. The initial conditions are " Rð0Þ ¼Rð0Þ ¼ Hð0Þ ¼ 0. We see that " RðtÞ relaxes to " Rð1Þ ¼ À quasi-instantaneously; indeed, given the above parameters, & 0:5 s even at a large wavelength such that =q ' 100 m. Since the coupled dynamics ofR and H will turn out to be much slower, we may consider that "
The subsequent evolution [Figs. 1(c)-1(e)] is controlled by Eq. (5). Its eigenvalues yield two relaxations rates: a slow one 1 and a faster one 2 > 1 . The solution gives
attaining H max ¼ keq=4 2 Â ð 1 = 2 Þ 1 =ð 2 À 1 Þ at t max ¼ lnð 2 = 1 Þ=ð 2 À 1 Þ and converging to Hð1Þ ¼ 0 andRð1Þ ¼ À (see Fig. 2 ). Note that t max may be comparable with or much smaller than the total decay time À1
1 . The values of 1 and 2 were discussed for ¼ 0 in Ref. [17] . For * c ¼ 4k 2 2 =b 2 0 (%10 À8 J=m 2 with the above values), there are two regimes: ð 1 ; 2 Þ ' ðkq 2 =2b; q=4Þ for q ( q 3 ¼ ffiffiffiffiffiffiffiffiffiffi ffi = 0 p and ð 1 ; 2 Þ ' ðkq 2 =2b 0 ; 0 q 3 =4Þ for q ) q 3 . Assuming 2 ) 1 , we may approximate (see Fig. 2 ):
The prefactor in H max corresponds to the equilibrium amplitude that would be reached if the densities were frozen. As can be seen in Fig. 2 , H max and t max may easily reach macroscopic values for perturbations on a scale larger than 10 m when & 10 À6 J=m 2 . Experiments.-Giant unilamellar vesicles in the fluid phase were formed at 25 C in a buffer at pH 7.4 by electroformation [21] from a mixture of egg yolk phosphatidylcholine (EYPC) and brain phosphatidylserine (PS) with EYPC/PS 90:10 mol/mol. The chemical modification of the membrane was achieved by locally delivering to the membrane outer leaflet a basic solution of NaOH (1M, pH 13) with a micropipette of diameter 0:3 m controlled by an Eppendorf Femtojet pressure device and Narishige micromanipulator. Estimations based on visualizing the flux from the micropipette and taking into account the dilution of NaOH in the giant unilamellar vesicle's formation buffer Half of the compression of the upper lipids is relaxed, while the slippage-free drag induces some dilation in the lower monolayer.
(d) The overall stretching energy may be relaxed at fixed density by curving the bilayer. At the macroscopic scale, this curvature instability is quicker than the intermonolayer slippage necessary to reach the final equilibrium state (e).
(pH 7.4) yield, at the deformation onset, a pH ranging from 8.2 to 9.2 on the vesicle's membrane. The vesiclepipette system was observed under a Zeiss Axiovert 200M inverted microscope equipped with a CCD camera (Cool SNAP HQ) and Metamorph system. In a first set of experiments (Fig. 3) , we slowly approach the pipette while it is expelling a few picoliters per second of the basic solution under an injection pressure of 100 hPa. At a distance of '25 m, a two-step process occurs: (i) A smooth deformation of the vesicle starts to develop toward the pipette (i.e., opposite to the flow). At this point we stop the pipette while it keeps expelling the solution, and we observe the increasing deformation. After a critical amplitude, (ii) a tubule is suddenly expelled, which aims at the pipette. The time evolution LðtÞ of the tubule length is exponential, as shown in the inset in Fig. 4 . In a second set of experiments, we try to perform a timestep chemical modification (Fig. 4) . We quickly approach the pipette without any injection, then we inject the solution for a time Át ' 3 s, and we quickly withdraw the pipette before the ejection of any tubule. On the other hand, we checked that no deformation occurs if only buffer solution is injected. The time evolution HðtÞ of the deformation amplitude is shown in Fig. 4 .
Comparison between experiment and theory.-The phospholipids EYPC and PS have pH-sensitive ionizable head groups. In particular, PS should become more negatively charged upon significantly increasing the pH above 7.4. Hence, the delivered solution should effectively increase the repulsion between the lipids of the exposed monolayer, which we model by a parameter > 0. For a variation of the effective head group area of a few percent, i.e., % 10 À2 , it is reasonable to neglect the variation of the intrinsic spontaneous curvature c 0 . Indeed, assuming c À1 0 % 50 nm, one may check from Eq. (1) that the variation c 0 that would match the effect of is such that c 0 =c 0 ' 2ke=ðc 0 Þ ' 100 % 1, i.e., is unrealistic. We also exclude possible osmotic effects, the latter producing membrane deformations in the direction opposite to the concentration gradient [22] and flip-flop effects, their characteristic times being of several hours.
Let us first discuss the instability, step (i). Our model assumes a spatially modulated chemical modification, while in our experiment we deliver the basic solution 
